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INTRODUCTION 


Attempts  are  being  made  to  simplify  soft  recoil  artillery  mechanisms, 
to  increase  their  reliability,  and  to  reduce  their  need  for  costly  and  time- 
consuming  maintenance  and  rebuild  programs . 

One  approach  proposed  to  accomplish  these  ends  consists  of  storing 
the  needed  operating  power  or  run-up  energy  partially  in  an  elastically- 
compressed  fluid  and  partially  in  elastically-expanding  cylinder  walls  of 
the  recoil  mechanism  itself.  This  compressible  fluid  soft  recoil  (CFSR) 
mechanism  contains  no  mechanical  springs,  gas,  replenishers,  or  recuper- 
ators. This  results  in  tremendous  simplification.  The  feasibility  of  this 
concept  is  analyzed  in  this  technical  report. 

Not  much  work  has  been  done  in  this  field.  Consequently,  there  are 
a multitude  of  unknown  parameters  and  only  a limited  number  of  independent 
physical  phenomena  taking  place  which  can  be  set  up  in  mathematical  form 
to  solve  these  unknowns.  The  unknown  parameters  include:  diameters, 
lengths,  shapes,  thicknesses,  and  orifice  sizes;  constants,  coefficients, 
physical  relationships,  and  physical  properties;  pressures,  forces,  pres- 
sure areas,  and  stresses;  fluid  flows,  volumes,  and  weights;  velocities, 
required  energies,  etc.  Some  of  the  less  critical  parameters,  therefore,  had 
to  be  arbitrarily  estimated,  and  some  variables  had  to  be  fixed. 

The  basic  CFSR  concept  is  thoroughly  explained  in  reference  1 . In 
addition,  a brief  description  is  included  in  the  following  paragraphs. 

In  a soft  recoil  mechanism , a force  causes  the  recoiling  mass  to  move 
forward  before  the  round  is  fired.  Firing  is  initiated  when  a predetermined 
level  of  kinetic  energy  is  reached,  which  is  about  half  of  the  energy  trans- 
mitted to  the  breech  by  the  firing  forces . By  the  time  the  recoiling  mass 
has  returned  to  the  latch  position  and  restored  the  working  energy,  all  of 
the  firing  energy  has  been  dissipated  without  any  large  forces  being  trans- 
mitted to  the  rest  of  the  structure . This  permits  the  size  and  weight  of  the 
remaining  structure  to  be  greatly  reduced. 


In  the  CFSR  concept  described  by  this  report,  only  part  of  the  force 
which  sends  the  recoiling  mass  forward  before  firing  is  derived  from  a 
liquid  which  has  been  elastically  compressed . 

An  additional  force  is  imparted  by  the  outer  walls  of  the  recoil  cylinder 
which  is  designed  to  expand  under  pressure  and  store  energy  elastically. 
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The  expanding  cylinder  wall  theory  is  a new  concept  which  is  evalu- 
ated in  conjunction  with  the  basic  CFSR  principle. 


DEVELOPMENT  AND  THEORY  OF  THE  MATHEMATICAL  MODEL 

A mathematical  model  is  used  primarily  to  identify  and  measure 
significant  relationships  between  controlling  parameters . When  developing 
a model,  only  the  most  important  variables  are  considered  and  any  secondary 
effects  are  generally  neglected.  Inclusion  of  too  much  detail  tends  to  obscure 
e important  relationships,  to  reduce  ability  to  examine  sensitivity  to  varying 
input  data,  and  to  increase  the  time  required  for  model  development. 

In  the  following  paragraphs  the  most  important  parameters  are  optim- 
ized  (fig.  1,2).  * 


Determination  of  Cylinder  Expansion 

For  a thick-walled  cylinder  with  capped  ends,  having  inner  and  outer 
radii  of  rt  and  r2 , respectively,  and  subjected  to  an  internal  pressure, 
i , and  an  external  pressure , P2 , the  tangential , longitudinal , and  radial 
stresses  are  defined,  respectively,  by  the  following  equations  (ref.  2): 


. V^2rHrfrf/p*)(Pl_P2) 

r2  v> 2 

r 2 ' i 

. P,r?-P2rt 

r 2 2 t 

r 2~rl 


(1) 

(2) 


p2r2“P1r'l  + (t'2<rl/ P2  ) (P  1 “Pz  ) 


r 2-r2 
' 2 r 1 


(3) 
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where  p is  the  radius  to  an  arbitrary  element  of  the  cylinder . The  strain 
in  the  cylinder  is  given  as 


_ 1 
E 


(crt-vop-w^) 


(4) 


(stresses  are  positive  in  tension)  where  v is  Poissons 's  ratio  (0.287)  and 
E is  the  modulus  of  elasticity  199.95  x 10*  Pa  (29  x 106  psi)  . 

For  a thick-walled  cylinder  with  capped  ends , having  inner  and 
outer  radii  of  a and  b,  respectively,  and  subjected  to  an  internal  pressure 
only,  then;  Px  = P,  rx  = a,  r2  = b and  P2=  O. 


For  p = rx  = a 

b2+a2 

- b2-a2  P ter|sion  , 

(5) 

°Z  ~ b2_a2  p tension  , 

(6) 

°r  = p compression  . 

(7) 

(8) 

so 

(9) 

For  a thick-walled  cylinder  with  capped  ends , having  inner  and 
outer  radii  of  c and  d,  respectively,  and  subjected  to  an  external  pressure 
only,  then;  Px  = O,  P2  = P,  rx  = c,  r2  = d. 
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Figure  1.  Compressible  fluid  soft  recoil  concept. 


F or  word 
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Figure  2.  Schematic  half  section  of  recoil  mechanism. 


For  p = r,=d 


at 


d2+c2 

d2-c2 


°n  = -p  jzr^r 


tension  , 
tension.. 


c^r  - P compression, 


Ad  _ -P  rd2+c2 


Ci  - __  -r  rU  rf  - 

Et  T - T v ">  3 . 


or 


Ad 


=. -p  < 


Define  an  effective  spring  rate,  Kx  such  that 
2iT(a+Aa)  L1P1  = KxAa 

where  Lx  is  the  length  of  the  cylinder  on  which  the  internal 
Pj  acts. 

Ki  ■ Z'rt-iMlr  + i)  . 

but 


a _ E 1 

Aa  " PTrb2+(l-y)a2 

b2-a2  J 

thus 


K 


i 


2ttL  i E 

b2+(l-y)a2 

b2-a2 


+ 2ttL  P 

♦ A 


i • 


(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

pressure, 


(16) 

(17) 
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Similarly,  define  an  effective  spring  rate,  K2  such  that 

27r(d+Ad)  L2P2  = -K2Ad  (18) 

where  L2  is  the  length  of  the  cylinder  on  which  the  external  pressure 
P2  acts.  ’ 


K2  = 2ttL2P2(-  ^ -1), 
but 


_ _d_  _ Ji 1_ 

Ad  P2  /d2(l-v)+c2 
V d2-c2 

thus  , 


K2 


2ttL2E 

d2(1-y)+c2 

d2-c2 


- 2ttL2P2 


(19) 


(20) 


(21) 


/uIhe2T?SS  asfociated  with  the  internal  pressure  which  is  being  expanded 
is  ir(b  -a  )LjPs  where  ps  is  the  density  of  the  material. 


One  equation  of  motion  becomes 


*(b2-a2)LlPs  *LlPlY  + 2,LlPl 

~ Ffesr  + v] 


Y-2a 

2 

(22) 


where  Y 2(a+Aa)  is  the  instantaneous  value  of  the  inner  diameter. 
Aa  and  Ad  are  the  radial  expansions  of  the  a and  d radii. 


and  Aa  = ~ - , Y = 2Aa 
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Rewriting  the  equation  of  motion: 


(b2-a2)psAa  = P^a+P^Aa 


E2Aa 

[b!i(l-v)a2  ^ 

b2-a2  J 


Pj2Aa 


(23) 


or 


(b2-a2)psAa  = 2aP  - 


2AaE 


Similarly 


(d2-c2 )psAd  = -2dP  - 


2AdE 


rd2(l-v)+c 

L d2-c2 


(24) 


(25) 


Effects  of  Compressibility 

The  physical  volume  (V)  available  to  the  fluid 
v = f (Y2  - Z2 ) L4  + A5  (X  - Li  - I,,  - L3 ) + V0 


at  any  instant  is: 

- VB  . (26) 


X is  the  distance  of  piston  travel  from  its  rearmost  position  in  the  rear 
buffer  (see  Variable  Buffer  Orifice  Area)  . See  Symbols  of  Basic  Engineer- 
ing Values,  Dimensions,  and  Physical  Parameters  for  definitions  of 
symbols.  By  definition,  the  bulk  modulus,  p,  is: 
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AP 

AV/V 


or 


AP 


(27) 


(28) 
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(29) 


In  differential  form  with  respect  to  time,  t; 

dP  = 8 dV 

dt  " V dt 

but 


af  = ^ (YY-ZZ)  + ASX  . 
Then  the  basic  equation  becomes 


(30) 


P2  = -6 


TtL.4 

2 


^ (YY  - ZZ)  + A5X 


% (Y2 


Y = 2a  + 2Aa 

Y = 2Aa 


- Z ) + A 5 (X  - Lj  *>  l_2  - L 3 ) + Vq  - 


Z = 2d  + 2Ad 


(31) 


Y2  = 4(a  + Aa): 


Z = 2Ad 

Z2  = 4 (d  + Ad)2 


= NP  + 132,500 


The  desired  equation  becomes: 


*P2  = - (NP2  + 132,500) 27tL4  [ (a  + Aa)  Aa  - (d  + Ad)  Ad]  + A5X 

*L«  [ (a  + Aa)2  - (d  - Ad)2] +A5  (X  - Lx  - L2  - L3)  + V0  - V 

B 

(32) 

*This  formula  is  expressed  in  English  units . 
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This  equation  applies  only  to  P2  during  normal  fire,  when  the 
piston  is  between  the  buffers . If  the  buffer  volumes  are  added  to  the 
equation,  this  same  equation  can  be  applied  to  P2  for  all  three  firing 
conditions  (normal,  misfire,  and  cook-off) . These  additional  volumes 
can  be  prefixed  with  controlling  functions  J,  R,  and  U,  to  "switch"  these 

portions  on  or  off  as  the  case  may  be,  depending  on  the  location  of  the 
piston . 

Therefore,  the  final  equation  becomes: 


*P2  = - (NP2  + 132,500) 


ttL4  [(a  + Aa)“  - (d  + Ad)^J  + As (X  - Lp-  L2  - L3) 


(33) 


The  equation  for  the  pressure  in  the  front  buffer  pocket,  Px , becomes: 


*Pi  = U ( P i N + 132,400) ~ %) 


(A-  + Ap)  (L,  + L2  + L3  - X) 


(34) 


*These  equations  are  expressed  in  English  units . 
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The  equation  for  the  pressure  in  the  rear  buffer  pocket,  P3 , becomes: 


(35) 


(see  figure  2)  . 


J = 1 when  X < L3 
J = 0 when  X > L3 

R = 1 when  X > L3 

R = 0 when  X < L3 

U = 1 when  X > L2  + L3 

U = 0 when  X < + |_3 

Recoil  Equation 

The  recoil  equation  is 


(36) 


where  MR  and  WR  are  the  mass  and  weight,  respectively,  of  the  recoiling 


me  piston  cnanges  direction . y is  the  angle  of  elevation  of  the 


weapon . 


*These  formulas  are  expressed  in  English  units. 


Flow  Equations 


The  classical  flow  equations  applied  to  the  buffers,  become: 


AfrKF  JW\  (Pi"p2) I sign  of  P^P;,  = sign  of  QF  (37) 


where  Q is  the  rate  of  flow  in  in3 /sec,  A is  the  orifice  area  at  any  instant, 
K is  coefficient  of  discharge,  o>  is  the  specific  weight  of  the  fluid,  and  P 
is  the  pressure. 

For  development  of  this  formula  and  a discussion  of  coefficient  of 
discharge  see  Appendix  C. 

Variable  Buffer  Orifice  Area 

Front  Buffer  Area  Ap 


Assuming  a straight  linear  taper  (see  fig  3) : 


r2~r3  . rx~r 3 

L i Li+Lj+La-X 


(39) 


(40) 


(41) 


gF  = r 2-r 3 
Ax  = it  (r*-r*) 

rx  = GF  r + GF  p - % p + r2 

L1  L1  Lj 


(44) 


(43) 


(42) 
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(45) 


(L2+L3-X)  + r2 


AF  = Tr(r2-r2) 


,GF 


Af  = ^C(lJ-(L2  + L3  -X)+r2)2-r2] 


. rGr 


2GFr2 


aF  = lrr~  (L2+L3-X)2  + (L2+L3-X)  + r2-r2] 


•Li 


Li 


^F2  , 2TrGFr2 


Ap  = A,  + -j±-  (L2+L3-X)2  + 
L1 


h 


(l2+l3-x) 


(46) 

(47) 

(48) 

(49) 


Ap  = Aj 


+ (l2+l=)2*  (L.H,)  - (l2+l3 ) ♦ + X' 

i Li  Li  Lj  L\ 


27rGpr 


Rear  Buffer  Area  A 

R 


(50) 


Assuming  a straight  linear  taper  (see  fig  4) : 

r 1 ~r3  _ '"X_r3 


L3  x 

(51) 

*'iX-r3X+L3r3 

rx r 

L3 

(52) 

GR  = ^1-^3 

(53) 

Ar  = ir(rx-r3) 

(54) 

Ar  = (Gp-p-  +r3)2-r2] 

L3 

(55) 

aR  ■ *[Gr2  ^ + 2Gfj  i r3  t r2-r|] 

(56) 

ar  - ^Rr>  x ♦ x2  . 

L3  L3 

(57) 

13 


14 


Figure  3.  Front  buffer. 
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Figure  4.  Rear  buffer. 


Amount  of  Energy  the  System  is  Able  to  Store 


Energy  stored  in  the  compressed  fluid,  Ef,  is: 

Ef  = / PdV  (58) 

where  V is  the  total  fluid  volume  at  any  instant,  and  P is  the  variable 
pressure . 

V = - (Y2  - Z2 ) L4  +A5  (X  - Lj  - L2  - L3 ) + V0  - V_  . (59) 

X is  the  distance  of  piston  travel  from  the  rearmost  position  in  the  rear 
buffer . A5  is  the  effective  net  piston  area . L4  is  the  effective  length  of 
both  inside  (Z)  and  outside  (Y)  cylinders. 


(eqn  28) 


(60) 


dP  _ p dV 
dt  " V dt 


dV  = - 


V dP 
p dt 


dt 


(61) 

*p  = NP2  + 132,500  . (62) 


Now  if  these  last  two  equations  are  substituted  into  the  energy  equation 
one  has: 


Ef  = 


P,  - 


dP 


or 


*Ef=- 


iNPl  + 132,500)  dt  dt 

VP2P2 


dt 


NP2  + 132,500 

Energy  stored  in  the  flexible  cylinder  walls,  E , is: 


Er  = 


2(a+Aa)TrL4Pd(Aa)  + 2(d+Ad)TrL4Pd(Ad)  , 


Y = 2(a+Aa) 

Y = 2Aa 


Z = 2(d+Ad) 
Z = 2 Ad 


*These  formulas  are  expressed  in  English  units. 


(63) 


(64) 


(65) 
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=1 


YttL.p  dt  + 


d(Ad) 


ZitL4P  dt 


(66) 


Ec  = tiL4 

and  finally, 

ttL4 
— 


YPAadt  + ttL 


ZPAddt 


Ec  = 


YYP2dt  + ^ 


ZZP2dt 


or 


(67) 


(68) 


(69) 


Ec  2ttL4  J (a+Aa)AaP2dt+  2ttL4  J (d+Ad)AdP2dt  . 

Summary  of  Mathematical  Model 


Dlice  in  ^mmary  of  th®  modeI'  using  all  the  physical  phenomena  taking 
place  in  the  recoil  mechanism,  may  be  expressed  by  the  following  ten 

thqeUanextSsecdohne  6qUati0nS  “ -known  variables  defied in 


QF  = afk  /P^!(pi-p2)|  ' 

sign  of  (Pt -P2 ) = sign  of  Qp  (70) 

qr  = ark  2)l 

sign  of  (P3-P2)  = sign  of  Qr  (71) 

. irGp2 

af ;■ fl, + j4  (l2h,)2  + 

2TrGpr2  , |-ttGf22  . 27rGpr2 

L U2+L3l  L-j-5 — (L2+L3 ) + 2]X. 

1 1 Li 

Ar  = ^ X ♦ x« 

(72) 

L,  L2 

J 3 

(73) 
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(74) 


( b2-a 2 ) psAa  = 2aP2 


(d2-c2)  psAd  =-2dP,  - -y  ?EAd. 


[ 


d2  (1  -vs ) + c2 


d2-c2 


~ " vsl 


*A 


Pi  = U (P ! N + 132,500)  rs -V(M  - SrI , 

(A4  + Ap)  (Li  + lTTTT^xJ 


(75) 


(76) 


*h  = -(NP2  + 132,500)  — j — =7 2tlL^  C(a  + Aa)  Aa  - (d  + ahiahT 

^ + - (d  + Ad)2J  7 A5  (X  - Lh  - L2  -T 

+RAsX  - J ( Au X + Op)  + U(Ai. X - Orl 

^-^---JiAs  T Ar)X  T uffVT^flX--  rfl  L"; 

*^3  = -J(P3N  + 132,500)  fe-X  + -M 

' Wk  + ad)x 


T77 


J = 1 when  X < L3 
J = 0 when  X > L3 


R; 

R = 1 when  X > L3 
R = 0 when  X < L3 


U = 1 when  X > L2  + L3 
U = 0 when  X < L2  + L3 


*MrX  = S(2.69  (.5)  P3  + 2 . 97  Pj ) + PjAs  -PxA4  -HB  (t)  - W 


pSIN 
R y 


(79) 


S = -1  when  X > 0 
S = +1  when  X < 0 

Ten  Unknown  Variables 


H = 1 when  X > Ve 
H = 0 when  X<  Ve 


The  relationships  of  the  following  ten  unknown  variables  are  ex- 
pressed by  the  mathematical  model . Fixing  their  relationships  will  un 
lock  other  relationships  and  parameters . 


*These  equations  are  expressed  in  English  units . 
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- Fluid  flow  through  annular  orifice  in  front  buffer 
= Fluid  flow  through  annular  orifice  in  rear  buffer 

= Pressure  in  front  buffer  area 
= Pressure  in  recoil  cylinder 
= Pressure  in  rear  buffer  area 

= Variable  orifice  area  in  front  buffer 
= Variable  orifice  area  in  rear  buffer 

Distance  of  piston  travel  from  its  innermost  position  in  rear  buffer 

= Radial  expansion  of  inside  radius  of  outside  recoil  cylinder 

— Radial  expansion  of  outside  radius  of  inside  sleeve 


Other  Relationships  of  Important  Parametric  Design  Values 


A 1 = Tf  (r2~r3  ) 

(80) 

A2  = TT(rf-rf) 

(81) 

A 3 = Tr(rf-rp 

(82) 

A<*  = "(li-r2) 

(83) 

As  = v(rl-rl)  = As-A«, 

(84) 

GF  = r2-r3 

(85) 

Gr  > r,-r3 

(86) 

(b2-a2)  ** 

(see  ref  2) 

(87) 

a,  = 3 p 

3 b2-a2  2 

(88) 
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(89) 


a 


r 


- P 


2 


2ae  = (at-ar)2  + (ar-aa)2  + (cra-at)2 


V = Tr(a2  - d2)L4  + A 5jj(0  - (Li  + L2  + L 3 )J  + Vo  - Vg 

VB  - L‘>  (Rav2-rab2)lT 

Wf  = Viw 


(90) 

(91) 

(92) 

(93) 

(94) 

(95) 


%>: 


P 


= Ikt  f(2a  + Aa)Aa  ± (2d 
ttL4  ~£a7~~  d 2)+  AS[X0  - 


- Ad) Adi  + AJXn  - X) 

a.  + l2  + mr-  vB  + V0 


(NP  - 132,500) 

(96) 

(97) 


P 

cr 


7T2  E I 


4 ( L 1 + l_2  + L< 


^min^2 


I = ihl  - tp 
4 


(Eulers  formula)  (98) 

(99) 


- A5P2 
or 


= A3P3  - A4P2 


(100) 

(101) 


’"These  equations  are  expressed  in  English  units. 
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Symbols  of  Basic  Engineering  Values,  Dimensions 
and  Physical  Parameters 

Lx  = run-up  distance  in  front  buffer 

f>2  ~ run-up  distance  for  normal  firing  (between  buffers) 

L3  = run-up  distance  in  rear  buffer 

L4  = length  of  outside  flexible  cylinder 

ri  = inside  radius  of  rear  buffer  at  its  entrance 

r2  = inside  radius  of  front  buffer  at  its  entrance 

r3  = outside  radius  of  piston  over  orifice  cam 

r4  = outside  radius  of  piston  sleeve 

r5  = inside  radius  of  piston  sleeve 


a 

b 


c 

d 


VB 

V0 

V 

w„ 


— inside  radius  of  outside  flexible  cylinder 
= outside  radius  of  outside  flexible  cylinder 
= inside  radius  of  sleeve 

= outside  radius  of  sleeve 

— approximate  volume  of  fluid  the  buffers  displace 

= extra  fluid  volume  in  associated  container  (if  necessary) 
= total  fluid  volume  in  recoil  cylinder 
= total  weight  of  fluid 
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V 

e 

V! 

V 

m 

Pi  max 
P2  max 
P3  max 
P min 
P init 


= firing  velocity  of  recoil  mechanism  or  maximum  run-up  velocity 
= piston  velocity  (going  into  latch) 

= minimum  piston  velocity  (misfire  only) 

= maximum  pressure  in  front  buffer  area 
= maximum  pressure  in  recoil  cylinder 
= maximum  pressure  in  rear  buffer  area 
= minimum  pressure  in  any  of  the  volumes 

initial  pressure  in  all  volumes  when  piston  is  at  a point  of  latch 


X°  - the  value  of  X calculated  for  the  point  where  all  pressures  are  zero 

XPo  “ the  value  of  x at  the  point  where  P2  = 0 (taken  from  computer  data) 

X max  = maximum  value  of  X in  front  buffer 

X min  = minimum  value  of  X in  rear  buffer 


Ef  = amount  of  energy  absorbed  in  the  fluid 

Ec  = amount  of  energy  absorbed  in  the  cylinder  walls 

Ebr  = impulse  energy  at  breech 
Imp  = maximum  firing  impulse  at  breech 


= tangential  stress  in  recoil  cylinder  walls 
— axial  stress  in  recoil  cylinder  walls 
= radial  stress  in  recoil  cylinder  walls 
= equivalent  stress  in  recoil  cylinder  walls 
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Al 


A2 


a3 

a4 

A5 


P 

cr 

P 

Pt 

I 

C 

R 

av 

r 

av 


- annular  cross-sectional  area  between  front  buffer  entrance  and 

piston  cam 

= annular  cross-sectional  area  between  rear  buffer  entrance  and 
piston  cam 

= annular  cross-sectional  area  of  piston  through  cam 
= difference  between  areas  A3  5 A5 

- annular  cross-sectional  area  of  piston  sleeve  through  shank 
= side  pressure  area  of  inside  seal 

= side  pressure  area  of  outside  seal 

= radial  gap  of  front  buffer  at  entrance 

- radial  gap  or  rear  buffer  at  entrance 

- critical  axial  buckling  load  on  end  of  piston 
= actual  maximum  load  on  end  of  piston 

= moment  of  inertia  of  piston  in  bending 

= compression  of  fluid  at  latch  in  % 

= average  outside  radius  of  both  buffers 
= average  inside  radius  of  both  buffers 
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Fixed,  Unchangeable  Constants 

g = 9.81m/sec2  (386 . 088  in/sec2 ) 

E = 199.95x10*  Pa  (29xl06  psi) 

v = 0.287 

s 

p = 798.685  kg  sec2/m4  (.000,732,994 

lb  sec2 /in .4 ) 

co  = 939.5  kg/m3  (.033,942  Ib/in. 3 ) 

vR  - .48 

^ = .50 

M 

R = 300.65  kg  sec2/m  (16.8355 

lb  sec2 /in.) 

WR  = 2948.4  kg  (6500  lb) 

B = (see  appendix  A) 

N = 12.67 

p = NP+9,1356  (NP+132 , 500) 

K = .95 


acceleration  of  gravity 
modulus  of  elasticity  for  steel 
Poisson's  ratio  for  steel 


density  of  steel 

specific  weight  of  Dow 
Corning  200  silicon  fluid 
at  atmospheric  pressure 

Poisson's  ratio  for  Nitrile 
rubber 

dynamic  coefficient  of 
friction  for  rubber 


mass  of  recoiling  parts 

weight  of  recoiling  parts 

firing  impulse  at  breech 
(variables) 

tangent  of  slope  of  bulk 
modulus  curve 

bulk  modulus  (see  appendix  D) 

flow  coefficient  (see 
appendix  C) 


= 75°,  45°,  10° 


angle  of  elevation  of 
weapon 


H,J ,R. 
S&U 


control  functions  (see 
page  18) 


*o  max  = 5.516xl08  Pa  (80,000  psi)  maximum  allowable  tensile 

stress  in  all  cylinder  parts 
(safety  factor  approximately 
2) 


^Assuming  steel  used  is 

AISI  4130  or  4140  QQ-S-624  or  equal. 

Rc  36-40  ultimate  tensile  stress  - 1.2411x10*  Pa  (180,000  psi) 
Tensile  yield  stress  - 1.1238x10*  Pa  (163,000  psi) 
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COMMENTS  PERTAINING  TO  THE  MATHEMATICAL  MODELS 

Several  mathematical  models  were  developed  before  the  final  one 
shown  on  the  preceding  pages  was  derived.  Many  computer  studies  were 
programmed  and  run  based  upon  these  models.  Certain  important  facts 
emerged  from  these  studies. 


Professor  A.  P.  Boresi  of  the  University  of  Illinois  developed  a finite 
elements  model  and  26  computer  runs  were  made  with  this  program  The 
resuits  did  not  solve  all  of  the  problems, since  this  was  only  a static  model 
What  was  established,  however,  was  how  thin  the  cylinder  walls  could  be 
without  being  over  stressed.  In  addition,  the  magnitude  of  wall  deflection 
and  the  approximate  amount  of  energy  which  the  walls  would  be  capable  of 
absorbing  were  determined. 


Since  the  problem  is  actually  a dynamic  problem , another  computer 
program  was  set  up  with  all  the  velocities  and  masses  taken  into  account 
Mr.  Joe  Wilson  ran  this  program  on  an  analog  computer.  A total  of  27  runs 
were  made . Since  the  analog  computer  is  limited  in  the  quantity  of  un- 
knowns it  can  solve  for , this  study  was  also  restricted  in  its  scope . How- 
ever it  did  establish  the  run-up  velocity  and  the  run-up  distance  required 
to  achieve  that  velocity . 4 


The  factor  which  will  ultimately  determine  how  well  the  system  works 
however,  is  not  the  amount  of  energy  stored  or  the  run-up  velocity,  but  if 
the  recoiling  mass  consistently,  but  just  barely  returns  to  the  latch  posi- 
tion (with  all  the  breech  energy  spent)  . Of  course,  equally  important  is 
the  piston  force  (rod  pull)  transmitted  to  the  structure.  The  longer  the 
run-up-distance,  the  smaller  this  force  may  be  and  the  softer  the  recoil 
will  be . These  facts  show  up  clearly  in  the  analog  printouts . 


Finally,  after  several  attempts,  one  all-inclusive  mathematical  model 
was  written  which  was  valid  for  all  three  firing  conditions  (normal , mis- 
fire  and  cook-off)  and  for  any  possible  position  of  the  piston . The  develop- 
ment ot  this  model  is  summarized  in  equations  70  through  79.  With  this 
model  the  overwhelming  amount  of  input  and  output  data  had  to  be  limited 
so  as  not  to  obscure  the  most  important  relationships.  However,  a tool 
was  now  available  which  could  be  used  for  a trial-and-error  type  of  optim- 
ization of  the  most  important  parameters.  About  100  computer  runs  were 
made . Of  these , eight  were  good  runs  which  are  summarized  in  the  fol- 
owing  paragraph.  (Mr.  Philip  Benzkofer  programmed  and  ran  this 
study  on  a digital  computer . ) 
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RESULTS  OF  THE  COMPUTER  RUNS 

Table  1 shows  the  data  which  were  held  constant  during  the  8 "good" 
computer  runs.  One  of  these  runs  is  shown  as  appendix  E. 

Figure  5 is  a to-scale  drawing  based  upon  the  dimensions  given  in 
able  1.  The  drawing  is  merely  a concept  study  in  that  no  thought  was 
given  as  to  how  the  mechanism  could  be  broken  up  into  smaller  parts  for 
ease  of  machining  and  assembly. 

Table  2 lists  relevant  engineering  information  calculated  from  some 
of  the  computer  data . 

Table  3 has  pressures,  stresses,  and  other  optimized  values  from 
the  computer  runs . 


DISCUSSION 


The  thought  of  a compressible  liquid  recoil  system  opens  up  the 
possibility  of  a greatly  improved  and  simplified  recoil  mechanism . There 
would  appear  to  be  a likelihood  of  storing  a large  amount  of  energy  in  a 
small  space,  thus  achieving  a greatly  simplified  and  "clean"  one-principle 
one-fluid  design.  There  would  be  fewer  tanks  and  fewer  sub-mechanisms  ’ 
ewer  parts  overall.  Therefore,  the  main  criterion  that  has  been  adhered  * 
to  thoughout  the  program  is  simplification . 


„ The  RESULTS  give  a set  of  ideal  dimensions  and  parameters  for  the 
FSR  mechanism  which  are  discussed  in  detail  in  the  following  paragraph. 


Recoil  Cylinder  (Fig  5) 


T,  iT-he  outslde  diameter  of  the  recoil  cylinder  is  60.20  cm  (23  7 in  ) 
e cylinder  surrounds  (is  coaxial  with)  the  33.02  cm  (13-inch)  diameter 
barre!  (cannon  tube)  The  effective  length  of  the  cylinder  is  215.9  cm 
l in.) . There  remains  a rather  small  space  for  the  fluid.  This  small 

t??^SiZe  i!made  P°ssible  only  by  allowing  different  parameters  for 
the  3 different  firing  conditions,  i.e. , the  cylinder  still  does  not  hold 

enoug  fluid  to  function  properly  during  misfire . Recognizing  how  rarely 
misfire  occurs , this  gives  the  designer  a choice  of  whether  or  not  to 
resign  for  misfire.  The  only  thing  that  probably  would  occur  with  the 
system  underdesigned  for  misfire  is  that  the  piston  would  draw  a vacuum 
which  would  cause  cavitation  and  foaming . This  may  not  be  serious  if  it 
does  not  occur  too  frequently. 
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Figure  5.  Preliminary  CFSR  concept  study  no. 
(Dimensions  are  given  in  inches) 


Table  1 Computer  run  constants 


Parameter 

Run-up  distance  in  front  buffer  (Lx ) 

Run-up  distance  for  normal  firing  (between 
buffers)  (L2 ) 

Run-up  distance  in  rear  buffer  (L3 ) 

Length  of  outside  flexible  cylinder  (L4 ) 

Inside  radius  of  rear  buffer,  at  its  entrance 

(ri) 

Inside  radius  of  front  buffer  at  its  entrance 

(r2 ) 

Outside  radius  of  piston  over  orifice  cam 
(r3) 

Outside  radius  of  piston  sleeve  (r4  ) 

Inside  radius  of  piston  sleeve  (r5 ) 

Inside  radius  of  outside  flexible  cylinder  (a) 

Outside  radius  of  outside  flexible 
cylinder  (b) 

Inside  radius  of  sleeve  (c) 

Outside  radius  of  sleeve  (d) 

Outer  wall  thickness  (b-a) 

Inner  wall  thickness  (d-c) 

Front  buffer  gap  (G  ) 

F 

Rear  buffer  gap  (G  ) 

Annular  effective  front  buffer  gap  area  (A2 ) 
Annular  effective  rear  buffer  gap  area  (A2) 


Value 
mm  (in.) 

508  mm  (20  in.) 

508  mm  (20  in. ) 

508  mm  (20  in.) 

2159  mm  (85  in . ) 

208.3  mm  (8.20  in.) 
208.3  mm  (8.20  in.) 

207  mm  (8.15  in.) 

193.7  mm  (7.625  in.) 
184.2  mm  (7.25  in.) 

285.8  mm  (11.25  in.) 

301  mm  (11.85  in.) 

165.1  mm  (6.50  in.) 

184.2  mm  (7.25  in.) 

15.2  mm  (.60  in.) 

19.1  mm  (.75  in.) 

1 . 3 mm  (.05  in . ) 

1.3  mm  (.05  in.) 

65.2  .mm2  (2.568  in.2) 
65.2  mm2  (2.568  in.2) 
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Table  1 (Cont'd) 


Parameter 

Value 

Piston  sleeve  thickness  (r4-r5) 

mm  (in.) 

9.5  mm  (0.375  in.) 

Annular  effective  cross  sectional 
piston  area  (A5) 

445.1  nun2  (17.524  in.2) 

Moment  of  inertia  for  cross  section  of 
piston  (I) 

20,187  cm4  (485  in.4) 

Maximum  critical  buckling  load  on  end 
of  piston  (PQ) 

5,203,792  kg  (11,472,396  1b) 

Initial  pressure  at  latch  (P.  . J 

mit) 

20,684.2  kPa  (3000  psi) 

Average  outside  radius  of  both  buffers 

(R  ) 
av 

232.4  mm  (9.15  in.) 

Average  inside  radius  of  both  buffers 

(r  ) 
av 

207  mm  (8.15  in.) 

Approximate  volume  of  buffers , filling 
oil  space  (Vg) 

34,113  cm3  (2,081.7  in.3) 

Impulse  energy  at  breech  (E^  ) 

br 

597,496  Nn  (5,288,287  in. -lb) 
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Another  alternative  is  to  add  .1639  m3  (10,000  in.3)  of  fluid  in 
a container  connected  to  the  recoil  cylinder . As  shown  in  tables  2 and  3 , 
this  would  maintain  positive  pressures  throughout  the  misfire  cycle . 
However,  the  diameter  of  the  recoil  cylinder  cannot  be  increased  to  ac- 
commodate the  extra  fluid  without  also  increasing  the  wall  thickness , 
which  would  change  wall  deflection,  energy  absorbing  qualities,  total 
weight,  and  probably  most  of  the  other  parameters  as  well. 

The  maximum  stresses  in  the  cylinder  wall  are  close  to  the  pre-set 
limit  of  5.516  x 108  Pa  (80, 000  psi)  , which  gives  a static  safety  factor  of 
about  2$.  The  actual  maximum  stress  is  a tangenfial  stress  equal  to 
6.0613  x 108  Pa  (87,912  psi)  and  is  acceptable.  This  assumes  steel  such 
as  AISI  4130  or  4140,  or  their  equivalent,  is  used  throughout. 

It  was  desired  to  keep  the  recoil  cylinder  long  and  narrow . This 
would  give  a low  weapon  profile  and  a "clean"  efficient  design.  Since 
a cylinder  longer  than  2.44  or  2.74  meters  (8  or  9 feet)  is  very  difficult 
to  machine,  the  effective  length  was  set  at  2.13  to  2.44  meters  (7  to  8 
feet)  . 


The  cylinder  is  15.2  mm  (0.60  inch)  thick  and  is  intended  to  de- 
flect approximately  .50  mm  (0.0197  inch)  (piston  at  latch)  to  absorb 
some  of  the  energy. 

The  inner  cylinder  (sleeve)  over  which  the  piston  slides  is 
heavier  (19.1  mm  (0.75  inch)  thick)  to  minimize  deflection  .142  mm 
(0.0056  inch)  at  latch)  . If  it  deflects  too  much,  it  could  cling  to  the 
barrel  which  slides  inside  the  sleeve  and  prevent  the  mechanism  from 
functioning  properly . 

At  one  time,  a multi-cylinder  recoil  system  was  considered. 

This  would  be  a system  with  several  recoil  cylinders  in  a cluster 
around  the  barrel . After  considering  all  the  pros  and  cons , however , 
the  idea  of  a multi-cylinder  recoil  system  was  discarded , mainly  for  the 
sake  of  simplicity  and  reliability. 
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Dow  Corning  200  Silicone  Fluid 


The  volume  and  weight  of  the  silicone  fluid  was  finally  reduced 
to  .322  m3  (85  gallons)  300.73  kg/663  pounds  excluding  the  extra  volume 
.1639  m3  (10,000  in.3)  which,  if  included,  would  total  .488  m3  (129 
gallons) , 457 . 67  kg  (1 , 009  pounds)  . The  volume  of  fluid  displaced  by 
the  buffers  .0339  m3  (2,081  in.3)  was  not  taken  into  account  in  the  com- 
puter program  since  it  was  very  uncertain  initially  what  size  and  shape 
they  would  take . It  would  be  advisable  to  design  the  buffers  so  that 
they  occupy  as  little  space  as  possible  but  still  remain  stiff.  However, 
to  compensate  for  the  buffer  volumes,  which  originally  were  assumed  to 
be  all  fluid,  an  equivalent  amount  of  fluid  must  be  added  to  the  cylinder 

^ne  way  doing  this,  would  be  to  make  the  recoil  cylinder  25.4  cm 

( 0 inches)  longer.  This  is  shown  in  figure  5 as  a 12.7  cm  (5-inch)  exten- 
sion at  each  end  of  the  215.9  cm  (85-inch)  working  length  of  the  cylinder. 


The  silicon  fluid  is  compressed  only  about  1.76%  at  latch  during 
normal  fire.  The  initial  pressure  at  latch  is  2.068  x 107  Pa  (3,000  psi) 

= p2  = P3)  • During  cookoff,  the  compression  reaches  2.85%.  This 
is  very  low  considering  the  compression  could  be  3 to  4%  before  the 
bulk  modulus  changes  noticeably . Very  high  pressures  in  the  recoil 
cylinder,  however,  would  invalidate  the  linear  relationship  used  in  the 
mathematical  model  for  the  bulk  modulus  and  make  all  the  results 
erroneous. 


The  values  used  for  the  bulk  modulus  of  the  silicone  fluid  are  all 
taken  at  room  temperature.  Since  the  bulk  modulus  is  sensitive  to 
temperature  variations , this  system  would  probably  not  work  well  in 
extreme  climatic  conditions  without  some  modifications . 


It  has  been  suggested  the  effective  bulk  modulus  be  made  softer 
or  variable  by  incorporating  a gas  bag  or  spring-loaded  expansion 
piston  inside  the  recoil  cylinder . The  author , however , is  opposed  to 
adding  anything  to  complicate  the  system  unless  it  is  absolutely  necessary . 
(The  system  apparently  works  well  in  its  present  form.) 
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Energy  Stored 


The  computer  was  programmed  to  integrate  the  energies  stored 
in  the  cylinder  walls  (Ec) , and  in  the  fluid  (Ef) , by  a method  of  incre- 
mental summation.  The  values,  however,  which  are  listed  in  table  3 
vary  considerably  from  run  to  run  and  appear  to  be  totally  unreliable’. 

ome  of  the  values  are  only  1 to  2%  of  the  breech  energy.  The  only  thing 
which  these  values  clearly  show  is  that  Ef  is  many  times  larger  than  E 

It  is  not  the  50-50  relationship  which  was  assumed  at  the  beginning  of  ° 

the  program . It  would  appear  that  the  walls  could  be  designed  to  store 
a larger  percentage  of  the  energy. 

Knowledge  of  the  actual  amount  of  energy  which  is  stored  in  the 
system  is  not  essential,  however.  The  only  criterion  for  the  feasibility 
of  the  system  is  that  the  recoiling  mass  is  pushed  back,  after  run-up, 
by  the  breech  impulse  to  just  beyond  the  latch  position  so  there  is 

positive  latching  every'time.  This  is  accomplished  with  the  present 
design. 


Piston  (Fig  5) 


The  piston  is  a long,  thick  cylinder  (sleeve)  with  a 38.83  cm 
(14.5  inch)  inside  diameter  and  9.53  mm  (0.375  inch)  thick  walls.  Its 
design  is  also  the  result  of  compromises.  The  ideal  piston  would  be 
ong  and  fairly  thin,  which  would  accommodate  a long  soft  stroke  with 
ow  pressures.  However,  with  the  piston  too  thin,  its  walls  would  crumble 
under  the  working  pressures.  Present  wall  thickness  9.53  mm  (0.375 
inch)  is  the  minimum  advised. 


alculati°ns  show  that  the  critical  buckling  load  of  5,203,792  kg 

•/•id98,  pounds)  is  far  greater  than  the  actual  maximum  load.  The 
cn  ical  buckling  load  is  questionable , however , since  this  is  a very  dif- 
ncult  value  to  determine  at  present  (ref  3)  . 


As  a result  of  the  piston  being  fairly  thick,  its  working  stroke  is 
necessarily  short.  The  maximum  stroke  is  64.26  cm  (25.3  inch)  for 

normal  fire.  The  piston  .force,  therefore,  becomes  fairly  large  The 

Tn'ZT  occurring  during  cook-off  surges  to  6.936  x 107  Pa 

(10,060  psi)  which  results  in  a rod  pull  of  153,476  kg  (338,356  lb)  . 
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The  average  maximum  piston  load  for  normal  fire  is  77,111  kg  (170,000 
lb)  . These  high  loads  are  the  result  of  trying  to  keep  the  weight  of  the 
oil  down,  and  of  a fairly  thick- walled  piston.  However,  the  peak  loads 
last  only  a fraction  of  a second. 


The  outer  G T seal  "sees"  a pressure  of  about  3.172  x 107  Pa 
(4,600  psi)  which  is  acceptable  for  this  type  of  seal.  (See  appendix  B ) 
The  P3  , however,  surges  to  6.936  x 107  Pa  (10,060  psi)  and  the  inside 
seal  "sees"  some  of  this  pressure.  This  peak  pressure,  as  mentioned 
earlier,  is  of  a very  short  duration  and  only  reaches  the  insde  seal 
through  a long,  tight  squeeze  under  the  piston  and  is  consequently  not 
considered  critical. 


The  size  and  shape  of  the  piston  head  is  unimportant,  except  that 
it  should  have  a sharp  edge  as  shown  in  figure  5 . This  edge  is  part  of 
the  orifice  and  its  sharpness  eliminates  much  of  the  friction  in  the 
orifice,  creating  a more  predictable  flow  coefficient.  (See  appendix  C.) 

Because  of  the  relatively  high  initial  pressures  in  the  recoil 
cylinder  and  the  relatively  large  effective  piston  area,  the  latch  velocity 
is  fairly  high.  It  varied  from  444.5  cm/sec  (175  in. /sec)  to  482.6  cm/ 
sec  (190  in. /sec) . It  appeared  to  be  impossible  to  make  this  value  any 
smaller  without  sacrificing  some  other  elements  of  the  design . Conse- 
quently , the  latch  mechanism  must  be  capable  of  absorbing  very  large 
forces « 


The  firing  or  run-up  velocities  for  normal  fire  varied  from  546  1 cm/ 
sec  (215  in. /sec)  to  640  cm/sec  (252  in. /sec)  in  a run-up  distance  of' 

38.1  to  63.5  cm  (15  to  25  in.) . (This  is  at  point  of  fire,  after  ignition 
delay  or  "coast"  period.)  There  is,  however,  no  real  coast  period  since 
the  pressure  is  always  present  and  the  velocity  continues  to  increase. 

The  fire  control  mechanism  must  start  the  firing  operation  at  a lower 
velocity  in  anticipation  of  the  desired  firing  velocity  being  reached . 

This  will  probably  cause  a problem  since  various  ammunition  has  differ- 
ent time  delays. 


35 


The  run-up  velocity,  of  course,  must  be  adjustable  for  different 
zones  of  fire  and  different  weapon  elevations . Computer  runs  were  made 
for  0°,  45°,  and  75°  elevations , The  pressures,  stresses,  and  velocities 
seemed  to  increase  very  little  for  the  higher  elevations  and  are  very  ac- 
ceptable . 

Buffers  (Fig  5) 


The  two  buffers  are  identical,  each  having  50.8  cm  (20  in.)  effective 
buffing  distance.  The  size  of  the  buffer  gap  (annular  orifice)  was  given 
much  attention.  It  was  recognized  that  the  smaller  this  gap  was  at  the  be- 
ginning of  buffing , the  more  effective  the  buffing  would  be  in  slowing  down 
the  mass.  With  a small  gap,  however,  the  tolerances  and  machining  be- 
come very  critical.  This  concerns  gaps  in  the  range  of  .254  mm  (0.01  in.) . 
Consequently,  a gap  of  1.27  mm  (0.05  in.)  which  appeared  satisfactory, 
was  selected.  Both  buffers  taper  down  from  a gap  of  1.27  mm  (0.05  in.) 
to  zero  in  50.8  mm  (20  in.)  . The  outside  of  the  buffers  are  also  tapered. 
This,  however , is  for  strength  and  rigidity.  It  is  realized  that  a "give" 

of  .254  mm  (0.01  in.)  in  the  buffers  would  be  too  much,  and  would  disrupt 
the  closely  programmed  buffing  cycle . 


There  is  one  condition,  however,  when  the  front  buffer  seems  in- 
adequate. This  is  during  misfire.  It  appeared  that  no  matter  how  long 
the  buffer  was  made , or  how  steep  the  taper , the  piston  would  slow  down 
but  never  quite  stop  before  it  would  hit  the  bottom  of  the  buffer  pocket. 

To  eliminate  this  condition , there  was  a suggestion  to  incorporate  a stiff 
helical  spring  outside  the  front  buffer.  A 35.56  cm  (14.)  diameter  by 
15.24  cm  (6  in.)  long  spring,  which  would  compress  about  3.81  cm  (1.5  in  ) 

was  proposed.  The  author  again  is  opposed  to  adding  any  kind  of  extra 

mechanism  to  disrupt  the  otherwise  simple  and  "clean"  design.  As  an  al- 
ernative,  the  use  of  a "liquid  spring"  is  suggested. 


...  The  elements  are  already  present  to  make  a liquid  spring  (see  fig  5)  . 
AH  that  is  required  is  to  make  a straight  bore  at  the  end  of  the  taper  in  the 
front  buffer  , and  to  shape  the  piston  with  a "flat"  cylindrical  surface  to  fit 

airly  tight  into  the  bore  like  a typical  piston.  One  would  thus  have  a liquid 
spring. 


Another  solution  would  be  to  put  an  elastic  pad  (fig  5)  inside  the 
bottom  of  the  front  buffer  as  a stopper  for  the  piston . This  also  seems 
feasible  considering  the  velocity  of  the  piston  at  this  point  is  very  low  about 

' "lm//sec  ^-7  in. /sec) . A bumper  pad  of  this  type  should  probably  be 
added  in  any  case. 
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Summary 


In  conclusion,  the  "undesirable"  and  the  "desirable"  features  of  the 
present,  CFSR  system  will  be  repeated. 

The  undesirable  points  are: 


1 . Very  high  latch  velocity. 

2.  Very  high  piston  forces . 


3.  Piston  hits  bottom  of  front  buffer. 


4.  Cavitation  during  some  cycles. 

5.  Fairly  large  liquid  volume  and  weight. 

One  feature  which  may  be  a disadvantage  is  that  the  recoil  cylinder  can 
e clamped  only  at  its  ends . The  rest  of  the  cylinder  must  be  allowed  to 
expand  freely.  Another  feature  which  may  be  a disadvantage  is  the  need 
to  be  able  to  "cock"  the  weapon  in  the  field  after  a misfire.  The  piston 
must  be  pushed  back  to  the  latch  position  and  the  pressure  raised  to 
2.068  x 10  Pa  (3,000  psi)  . As  had  been  pointed  out  in  the  discussion, 
however,  it  is  possible  to  design  around  most  of  these  undesirable 
features . 


The  desirable  features  are  (1)  simple  and  reliable  design  with  few 
parts,  and  (2)  less  maintenance  required  on  the  finished  product  The 
author's  unsubstantiated  opinion  is  that  the  total  recoil  mecanism  will  be 

lghter  in  weight  and  also  less  costly  to  manufacture  than  a conventional 
recoil  mechanism. 


RECOMMENDATIONS 

The  CFSR  system  appears  to  be  a feasible  and  worthwhile  concept 
to  pursue  further.  It  is  recommended  that  a working  model  be  built  and 
ested  based  on  the  data  given  in  this  technical  report . Some  of  the  as- 
sumed parameters  can  then  be  verified  or  corrected  as,  for  instance  the 
flow  coefficient,  the  effective  bulk  modulus,  stresses  and  strains  in  the 
metal  parts , energy  storing  capability , and  the  actual  seal  friction . The 
mathematical  model  can  then  be  corrected  accordingly  for  reuse. 
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Dr.  R.  Yalamanchili  has  suggested  making  a CFSR  mechanism  with 
a cylindrical  piston  going  right  through  the  recoil  cylinder . Although  it 
is  realized  there  would  be  some  design  problems,  the  author  believes  this 
is  a very  sound  idea.  This  design  would  not  have  the  undesirable  fea- 
tures of  the  current  concept. 

The  piston  wall  would  be  a little  thicker  where  it  enters  the  cylinder 
than  where  it  exits,  with  a step  in  the  thickness  in  between.  The  apparent 
advantage  is  in  having  a thick  and  stiff  piston  with  a very  small  differential 
cross  sectional  area  between  the  ends . 

This  design  could  have  a long , soft  stroke  and  low  initial  pressure 
Less  fluid  volume  (and  weight)  would  be  possible,  cavitation  could  easily 

be  eliminated,  and  there  would  be  a much  lower  piston  force  and  latch 
velocity . 

Figure  6 shows  this  system  as  an  alternate  concept  with  approximate 
proportions  and  dimensions . 
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(Dimensions  are  given  in  inches) 
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APPENDIX  A 


BREECH  FORCE  AND  BREECH  ENERGY 

Breech  Force 

The  breech  force  versus  time  curve  is  plotted  from  the  M198  (155  mm) 
towed  howitzer  firing  data . See  page  42 . 

Breech  Energy 

The  breech  energy  computations  are  given  below 


E = 

mP  K 

_ (6052. 737)2  9.81  rn  . , 

br 

2Wr 

2 (2948 . 35)  “ 60 ’ 948  ■ 58  meter-kg 

A1 

E = 

( Imp) 2q 

_ (13.344) 2 386.088  5r288,287  in-lh 

A2 

br 

^WR 

2 (6500) 
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Tine  IN  SECONDS. 


Breech  force  versus  time 
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APPENDIX  B 


SEAL  FRICTION 

Two  dynamic  T-seals  will  probably  be  required,  one  outside  and 
one  inside  the  piston  (see  figure).  The  seals  can  be  supplied  by  Greene, 
Tweed  5 Co . , and  are  made  from  Nitrile  or  Buna-N  (NBR)  rubber  with  ’ 
backup  rings  of  nylotron . 


An  unresolved  problem  is  that  the  coefficient  of  friction  and  the  fric- 
tion force  are  very  uncertain  for  these  materials  in  this  application . The 
data  available  at  this  time  does  not  permit  an  accurate,  detailed  analysis 
of  oil  pressure  and  seal  friction.  The  friction  formula  given  below  should 
however,  be  adequate  for  this  study. 


F = VSP 


(B-l) 


where: 

F = Axial  friction  force  on  the  piston 

Ag  = Side  area  of  seal  backup  ring  plus  edge  of  T-seal 

(Dimensions  are  taken  from  the  Greene,  tweed  5 Co.  's 
Palmetto  catalog . ) 
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M-p,  ~ 0.50  - coefficient  of  friction  (An  approximate  figure  for 
rubber  supplied  by  RIA  Rubber  Laboratory . ) 

vr  ~ 0.48  = Poisson's  ratio  for  rubber  (An  approximate  figure 
supplied  by  the  RIA  Rubber  Laboratory . ) 

P = Fluid  pressure  in  psi. 

Inside  seal: 


*AC  = 7t  (7 . 252  - 7 . 002 ) 
S1 

*F  = 0.50(. 48)11. 1919P 

Outside  seal: 

*A  = 7t  (8 . 002  -7 . 752 ) 

S2 

*F  = 0 . 50 ( . 48) 12 . 37P 


= 11.1919  in2  (B-2) 

= 2.69P.  (B-3) 

= 12.37  in2  (B-4) 

= 2.97P.  (B— 5 ) 


This  relationship , variable  with  pressure , was  used  in  the  mathe- 
matical model . It  is  the  best  approximation  available  for  the  seal  friction 
at  the  present  time . 


Since  the  piston  will  be  machined  to  slide  over  the  inside  sleeve 
and  probably  will  have  a fairly  close  sliding  fit  in  certain  areas , it  is  be- 
lieved that  the  inside  seal  never  "sees"  the  full  peak  pressure  which  only 
lasts  a fraction  of  a second . It  was  therefore  arbitrarily  decided  to  use 

only  50%  of  the  force  on  this  seal,  which  accounts  for  the  0.5  factor  in 
equation  79 . 


Greene,  Tweed  and  Co. , North  Wales,  PA  can  supply  G-T  Ring 
seals  for  pressures  from  zero  and  up  to  6.895  x 107  Pa  (10,000  psi)  and 
higher.  The  computed  CFSR  pressures  are  all  well  within  this  range. 

The  final  dimensions  of  the  piston  and  seals  are  not  the  exact  dimen- 
sions used  in  the  friction  calculations  shown  above  and  used  in  the  mathe- 
matical model.  There  should  not,  however,  be  any  significant  change  in 
the  forces. 

*These  formulas  are  given  in  English  units. 
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APPENDIX  C 


FLOW  COEFFICIENT 

The  following  information  can  be  found  in  any  textbook  on  fluid 
mechanics,  but  is  included  here  to  emphasize  the  number  of  physical 
conditions  which  the  flow  coefficient  is  dependent  upon. 

Looking  at  the  flow  going  through  an  orifice  (see  figure)  , some 
coefficients  and  relationships  are  established. 


Flow  through  orifice 

The  relationship  between  actual  velocity  (V)  and  ideal  frictionless 
velocity  (V.)  at  "vena  contracta"  is  determined  by  the  coefficient  of 
velocity  (Cy) , thus: 


V = C V.  . 
v 1 


(C-l) 
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Vena  contracta  is  the  minimum  cross  section  of  the  jet  where  it  is 
contracted  right  outside  the  orifice  on  the  down-stream  side . This  con- 
traction is  dependent  on  friction  and  shape  of  the  orifice  and  the  viscosity 
of  the  fluid.  y 


The  ratio  of  the  cross-sectional  area  of  a jet  (A)  at  vena  contracta 
to  the  area  at  the  orifice  (A0)  is  called  the  coefficient  of  contraction  (C  ) . 
This  relationship  can  be  expressed  as  follows:  c 


A “ CcA°  • (C-2) 

The  ratio  of  the  actual  rate  of  discharge  (Q)  to  the  ideal  rate  of 
discharge  (Q.) , if  there  were  no  friction  and  no  contraction,  may  be  de- 
fined as  the  coefficient  of  discharge  (C  ) . 

d 

Thus: 


Q = 


CA 


(C-3) 


By  observing  that  Q = AV  and  Q.  = A0V. , it  is  seen  that: 


C , = C C 
d c v 


(C-4) 


Writing  the  Bernoulli's  equation  thru  the  orifice  in  the  buffer,  it 


w 2g 


(See  figure.) 


P,  + v2 
__2  + 2_ 

w 2g 


CC-5) 


Rearranging  this  equation  to  get  the  flow  velocity  outside  the 
fice  (V2  = V.) , it  becomes 


on- 


-J 


& (P  - P ) + V2 
w 1 2 1 


(C-6) 


and  the  actual  jet  velocity  is 

V = Cv  (p,  - f 


) + V2 

2 1 


(C— 7) 
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By  applying  the  continuity  equation 
ViAi  = AV 
V1  = AV/A 
vx  = c A0  V/A 
Vi  = CcV  (D0/Dx)° 


(C-8) 

(C-9) 

(C-10) 

(G-ll) 


and  substituting  this  Vx  value  into  the  Bernoulli  equation,  it  becomes 


Since 


(C-12) 


Q = CcA0V 


CC— 13) 


Q = 


CdAf 


(p.  - p,> 


(C-14) 


Now  to  simplify  this  equation, 


cd  w 


= K 


(C-15) 


K is  called  the  flow  coefficient,  and  the  final  equation  becomes 


Q = KA 

o 


(C-16) 


This  is  the  equation  which  is  used  in  the  mathematical  model . 
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Since  there  is  a variable  orifice— D0,  D2 , and  A0  vary—  K is  not 
a constant.  In  addition,  C , C and  C which  are  dependent  on  ori- 
fice shape  and  friction  or  drag  and  viscosity,  vary.  Viscosity  of  the 
fluid  is  dependent  on  pressure  and  temperature.  It  must  also  be  remem- 
bered that  the  specific  weight  of  the  fluid  co  varies  with  pressure  and 
temperature . 

Unfortunately,  there  are  no  reliable  flow  coefficients  available  for 
this  fluid.  It  was  assumed,  however,  that  there  is  an  average  constant 
coefficient  for  this  application  which  would  apply  for  the  given  conditions 
and  boundaries,  accounting  for  all  the  variables  including  to.  The  very 
best  estimate  for  such  a value  is , 
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APPENDIX  D 
BULK  MODULUS 


ji  .D°,"  C0rni,nB  2°°  0»  «)  • a silicon  fluid,  is  used  as  the  working 
fluid  in  the  reoo.1  mechanism . This  liquid  has  good  compressibility  and 
stability  and  a relatively  flat  viscosity  curve . y 

However , many  of  its  physical  properties  are  not  very  well  known 
There  are  no  precise  data  available  either  for  the  absolute  bulk  modulus 
or  for  the  effective  bulk  modulus  which  includes  the  container— in  this 

for  thl  J,e<;  The  bUlk  m°dulus  W ’ an  a^ntial  parameter 

t°re  lr  a h reC011  Problem'  varies  with  pressure  and  tempera- 

ture  over  a wide  range.  K 

The  bulk  modulus  is  defined  by  the  following  differential  equation: 
dP 


P = ~ V. 


i dv  ’ 


CD-I) 


where 


P - Fluid  pressure 
V.  = Initial  fluid  volume 
V = Fluid  volume  at  time  (t)  . 


The  compressibility  (k)  of  the  fluid  is  defined  as 


k=l 


CD-2) 


A few  values  of  bulk  modulus  for  four  different  pressures , covering 
approximafoly  haif  of  the  pressure  range  of  the  recoil  mechanism  . were 
published  by  the  Naval  Research  Laboratory.  Since  pressures  in  a recoil 
mechamem  very  greatly  during  a cycle,  and  a temperatures  vary  ojy  a 

“°Unt’  V CU/VQ  WaS  plotted  for  room  temperature  conditions  only 
(65  F),  using  the  four  points  available.  This  curve  proved  to  be  practical^ 

P relatf  !l0pifng  hfne’  S0  a straiSht  line  was  used  for  the  needed  p versus7 
P relationship  (see  figure)  . The  tangent  to  this  curve  is  12 . 67  Thus 

the  following  relationship  was  used  in  the  mathematical  model: 

P = 12.67  P + 9.136  x 10® 


(p  = 12.67  P + 132,500) 


CD-3) 
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PRESSURE 
Pa  (4  PS!) 


41.37x10 


27. 58  x IO 


13.78X10 


:::::::::::::::::::::::: 


:::::: 


Bulk  modulus  versus  pressure 
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APPENDIX  E 

COMPUTER  PRINTOUTS 
(TOTAL  PROGRAM) 
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0001  FUNCTION  F8(D.DELD,DELD0.P2) 

0002  F8»(0*0ELD)*0EL00*P2 

0003  RETURN 

0004  END 
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